Two-dimensional supramolecular arrays provide a route to the spatial control of the chemical functionality of a surface, but their deposition is in almost all cases limited to a monolayer termination. Here we investigate the sequential deposition of one 2D array on another to form a supramolecular heterostructure and realise growth, normal to the underlying substrate, of distinct ordered layers, each of which is stabilised by in-plane hydrogen bonding. For heterostructures formed by depositing terephthalic acid (TPA) or trimesic acid (TMA) on cyanuric acid/melamine (CA.M) we determine, using atomic force microscopy under ambient conditions, a clear epitaxial arrangement despite the intrinsically distinct symmetries and/or lattice constants of each layer. Structures calculated using classical molecular dynamics are in excellent agreement with the orientation, registry and dimensions of the epitaxial layers. Calculations confirm that van der Waals interactions provide the dominant contribution to the adsorption energy and registry of the layers.
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The formation of two-dimensional supramolecular arrays provides a highly flexible route to the control of the spatial organization, down to the molecular scale, of the chemical functionality of a surface [1] [2] [3] [4] . These molecular networks, which can be formed through selfassembly processes on a variety of different substrates including semiconductors 5, 6 , metals 7, 8 , insulators [9] [10] [11] and layered materials [12] [13] [14] [15] , are, in almost all cases, limited to monolayer thickness. Progress towards the growth of higher layers has so far been much more limited, with demonstrations of bilayer growth 16, 17 and site-specific molecular adsorption 5, [18] [19] [20] [21] [22] [23] [24] . Specifically, the additional functional control, which may be achieved through the formation of heterostructures realized by placing one supramolecular layer on another and resulting in growth into the third dimension perpendicular to the substrate, has not been widely explored for these materials. Such additional control of material properties is well established for semiconductors, both organic [25] [26] [27] [28] [29] [30] and inorganic 31 , and, more recently, layered materials 32 , providing a strong motivation to explore analogue materials derived from stacked supramolecular networks. Here we describe the successful formation of heterostructures formed by the sequential growth of distinct one-and two-dimensional arrays. It is possible, using high resolution atomic force microscopy (AFM) to determine an epitaxial alignment between successive layers. Furthermore, we demonstrate using classical molecular dynamics (MD) simulations that the placement and dimensions of the layers may be predicted using well established force-fields.
We have chosen to investigate a combination of a bi-component hexagonal network (CA.M) formed by cyanuric acid (CA) and melamine (M), and mono-component honeycomb and linear arrays formed by, respectively, trimesic acid (TMA) and terephthalic acid (TPA). The heterostructures are formed by first depositing a CA.M monolayer which is then used as the 3 substrate for a further deposition cycle whereby monolayers of TMA or TPA adsorbed to form a heterostructure. The layers are deposited via sequential immersion in solutions, and we have investigated heterostructure formation on the surface of hexagonal boron nitride (hBN) flakes which are exfoliated from mm-scale crystals; we have recently demonstrated that these substrates support molecular self-assembly. 13, 14 Since both hBN and, potentially, the supramolecular heterostructures are insulating, we use AFM to acquire images of the molecular arrangements in adsorbed networks. This work represents an advance in the application of AFM to imaging such networks through the acquisition of images, under ambient conditions, with sufficiently high resolution to identify the relative placement of molecules in different layers of the resulting heterostructures.
The hBN substrates typically have thicknesses of a few 10s of nanometres and lateral dimensions of several 10s of microns. Flakes are transferred to a SiO2/Si substrate and, after cleaning, molecular layers are deposited by immersion in either aqueous solutions of cyanuric acid and melamine, or ethanolic solutions of TMA or TPA. All images are acquired under ambient conditions using an Asylum Cypher AFM (full details of substrate and sample preparation are provided in Methods).
Results and Discussion
Cyanuric acid-melamine on hBN AFM images of the CA.M network adsorbed on hBN reveal a honeycomb array (see Figure   1 ), very similar to that previously observed in scanning tunneling microscopy (STM) studies of CA.M on semiconductors 33 , graphite 34 and metals 35, 36 . On hBN the array has a period 4 aCA.M = 0.98 ± 0.02 nm, and is most clearly observed in high resolution AFM images acquired in tapping mode using the third harmonic resonant frequency of the cantilever (see Fig. 1a ), in which six topographically bright features are distributed around the hexagonal unit cell.
The images are consistent with the optimised structure of CA.M on hBN predicted by MD calculations (see Fig. 1b ), in which junctions between cyanuric acid and melamine are each stabilized by three hydrogen bonds (more details below). The adsorbed CA.M layers are, within experimental error, structurally identical to layers of the supramolecular crystal melamine-cyanurate, which has a lattice constant of 37 0.96 nm.
In intermediate resolution images (Fig. 1c) The observation that arrays of TMA have a very precise epitaxial relationship with the underlying CA.M network implies that the energetics of adsorption must be anisotropic and drive a specific registration. However, the interlayer interactions are expected to be dominated by van der Waals forces and to first order might be expected to be only weakly anisotropic. To explore the energetics of epitaxial growth classical MD simulations have been performed using the LAMMPS simulation package 39 . The OPLS potential 40, 41 , which was previously used to model self-assembly of CA molecules 42 and molecular adsorption on 2D materials 43 , has been employed with additional parameters derived for CA and M using density functional theory as implemented in the CP2K program package 44 . Full computational details are included in the SI. Coulombic contributions, and we find (see Fig. 3 ) that the dominant contribution (~90%) to the adsorption energy comes from the van der Waals term. The energy maximum above a pore may be understood as a reduced interlayer van der Waals interaction when molecules in one layer are placed over voids in the lower layer, or, effectively, a drive towards interlayer close-packing.
Full MD simulations, in the which both the CA.M and TMA layers were flexible and allowed to move (see SI, Supplementary Figure 9 and 10), confirm that the minima identified in Fig. 3 are stable, and we find that the lowest energy occurs for TMA above M. Although we cannot distinguish CA and M molecules in our AFM images, we are able to determine experimentally that the pores of the TMA and CA.M are offset and are not coincident (thus ruling out the registry shown in Fig. 3d ), which is consistent with our MD calculations (see SI,
Supplementary Figure 4 for additional images and details). Thus, the calculated structures are in excellent agreement with the dimensions, orientation and registry observed for epitaxial TMA.
Cyanuric acid-melamine/terephthalic acid heterostructures
We have also investigated the solution deposition of TPA by immersion in an ethanolic solution. This results in the formation of highly anisotropic islands with typical lengths and widths of 300 nm and 50 nm respectively (see Fig. 4a ). Line profiles show that the islands 8 have a height of approximately 0.3 nm (Fig. 4a inset) consistent with a flat lying aromatic molecule. In phase images (Fig. 4b) the rows, the background CA.M array (hexagonal array at the edges of Fig. 4b) , and the CA.M/hBN moiré pattern (contrast bands at the edge of Fig.   4b ) are all resolved. In addition, we observe bright lines running along the 1D islands, which are spaced by approximately 3.5 nm and correspond to an additional moiré pattern at the TPA/CA.M interface.
The structure of TPA and the hydrogen bonding junction, which results in the formation of 1D rows is shown in Fig. 4e . From Fig. 4b it is possible to determine that the 1D rows within the TPA islands run parallel to one of the principal axes of CA.M. This is observed more clearly in contact mode AFM images (Figs. 4c and 4d); these show sequential images, which are acquired as the deflection (i.e. force) set-point is gradually increased. At low set-point (Fig. 4d) , molecular resolution images of the TPA array show a separation along the rows of aTPA = 1.00 ± 0.02 nm. At higher set-point (Fig. 4c) , the increased tip-molecule forces result in local removal of the TPA layer, and the underlying CA.M network is resolved. An energy map for different positions of a rigid, aligned row of TPA (Fig. 5d) shows that a minimum adsorption energy occurs when the TPA is adsorbed above CA. The contributions to the total energy from van der Waals and electrostatic terms are also shown in Figure 5 ; as might be expected we see minima in the van der Waals contribution when the TPA is above Following publication the AFM images from experiments on which this paper is based will be made publicly accessible 
